Twelve Rhesus monkeys were inoculated intravenously with about 500 000 malaria parasites, Plas~nodiwn kriowlesi. Acute hemolysis occurred 5 days later, and all animals died on the 6th or 7th day after inoculation. All organs were gray-green to graybrown because of deposition of hemoglobin and malaria pigments. This deposition was particularly striking in the lung, brain, abdominal fat and serous surfaces. Microscopic changes indicative of acute hypoxia were found in the liver (centrilobular necrosis) and kidneys (acute tubular necrosis). Terminal intravascular coagulopathy was evidenced by widely distributed, recently formed, fibrin thrombi.
Plasmodium knowlesi, a simian parasite o f quotidian periodicity, is indigenous to the jungle and swamp forests of Malaysia. Its range extends from the East Indian Archipelago to the Philippines. where Macaca fascicularis is the natural host and the Anopheline mosquito is the primary vector (4, 6, IS]. Contact with the vector can result in human infection 141. Experimentally induced infections in the Rhesus monkey (Macaca mulatta) are rapidly and uniformly fatal and have been used as a model for the human disease.
The parasite has a life cycle similar to that of other malarial organisms. During the asexual (intraerythrocytic) phase, the outer membrane of the trophozoite acquires a digestive function, which results in the degradation of hemoglobin to hematin (hemozoin or "malaria pigment") [6] . The distribution of this compound is responsible for the gray-brown discoloration of affected organs and serous membranes.
Reports on the pathology of simian malaria have appeared sporadically in the literature [6. 16, 20, 221 . These studies included a number of different malarial parasites and primate species and in general, concentrate on the description of a single organ system. As a result, documented discussion of pathological features of the disease is fragmentary. The pathology of P. falciparum malaria in owl monkeys has been reported recently 191, but pathological changes were sparse.
This report describes and documents the range of pathological changes in 12 Rhesus monkeys inoculated experimentally with P. knowlesi.
Materials and Methods
All monkeys studied (1 1 males and 1 female) were juvenile or adult Rhesus (Macaca rnularra). P. knowlesi organisms, in parasitized red cells frozen in glycerine, were injected intravenously into two donor monkeys. When parasitemia was detectable, blood from the donor monkeys was obtained for inoculation into two groups of five animals each. Each of the 10 monkeys received a standard dose of about 500 000 parasites intravenously. The number of parasites was determined by examination of Giemsa-stained smears and expressed as parasites per 10 000 red blood cells. Serial blood samples were taken on days 0, 3, 5, 6, and 7 [ l ] after inoculation.
All animals were examined as soon after death as possible (0 to 6 hours). Tissues were collected for light microscopy, fixed in 10% neutral buffered formalin and embedded in paraffin. Six-micrometer sections were stained with hematoxylin and eosin (HE). Selected tissues were stained for fibrin by phosphotungstic acid hematoxylin (PTAH).
Tissue from two monkeys were obtained immediately after death, fixed by immersion in cold, 3% glutaraldehyde-formaldehyde in 0.2 mol/l cacodylate buffer (Karnovsky), and then in 1 % osmium tetroxide, embedded in epon 812, sectioned and stained with a saturated solution of lead citrate-uranyl acetate in 75% ethanol.
Results

Clinical and Gross Findings
Parasites were detected in all monkeys by day 3, and reached means of 6 045 per 10 000 red cells by day 6 and 7 750 per 10 000 by day 7. All monkeys remained in apparent good health until day 6 after inoculation when there was lethargy, anorexia and pallor. One monkey died on day 6; the other died on day 7. Two moribund monkeys were killed on day 7. Hematocrit values showed only a slight fall by day 5 but dropped precipitously thereafter. The mean hematocrit value on day 7 was 16.7% compared to a mean of 43.3% on day 0.
At necropsy, all monkeys were remarkably similar in gross appearance, varying only in degree of pathologic change. Two donor monkeys had the most exaggerated changes in all organ systems. Abnormally colored (pigmented) viscera was the most striking gross change. The lungs in most monkeys were soft, dry, collapsed and gray-tan. In two monkeys there were multiple yellow-tan foci of bronchiectasis and emphysema associated with the simian lung mite (Pneurnonyssus sirnicola). The lungs in two other monkeys failed to collapse because of mild pulmonary edema. The livers in all monkeys were normal in size and shape, pale gray-brown and had a distinct lobular pattern. Uniform gross changes were found in all spleens. They were enlarged, dark red-purple and firm, and the cut surface had a coarse granular appearance because of numerous prominent lymphoid aggregates. The hearts from all monkeys were pale tan and firmly contracted. The chambers in seven of the 12 monkeys had a soft gray-green mural thrombus that adhered to the endocardium. The peritoneum and mesenteric abdominal fat was uniformly yellow-tan. The urinary bladders in all monkeys contained 3-10 milliliters of red-brown viscid urine. The renal cortex of seven monkeys had punctate red-brown stippling that extended through the cortex as fine, linear interrupted streaks. Kidneys in the rest of the monkeys were dark red-brown with no distinct color difference between cortex and medulla. Lymph nodes throughout the body were generally pale, firm and inconspicuous. Gross changes were not seen in other organs.
Histological Findings
Changes in all organs consisted of intravascular fibrin deposition and "malaria pigment." Intravascular, loosely woven, fibrin deposits (fig. 1) were seen in most vessels in most monkeys. These fibrinous intravascular deposits contained various quantities of trapped cells. The deposits sometimes apparently were attached to the endothelium. In longitudinal sections of vessels, the clots frequently tapered to a point. Although these deposits looked like postmortem clots, they were more widely distributed and occurred in smaller vessels than would be expected with postmortem clots .
Discoloration of organs and serous surfaces resulted from the ubiquitously distributed, intravascular, brown-green particulate debris, the so-called "malaria pigment" (hemozoin). This pigment was found most frequently in phagocytic cells, but was also extracellular. The degree of discoloration varied depending on the vascularity of the organ.
In addition to dense thrombi and loose fibrin deposits, pulmonary vessels frequently were filled or distended by solid plugs of mononuclear cells (fig. 2) . Bronchiectasis and peribronchial lymphoid infiltrates were seen in lungs with gross evidence of lung mite infestation. Pulmonary capillary congestion resulted in pulmonary edema in two monkeys.
Splenic sinusoids were distended with red cells, expanding red pulp more so than white pulp. Lymphoid hyperplasia was characterized by an increase in the size and numbers of lymphoid follicles. Many follicles contained germinal centers. Reticuloendothelial cells lining the splenic cords were also more numerous than usual and contained abundant phagocytized malaria pigment ( fig. 4, 10) . Necrotic lymphocytes frequently were seen in germinal centers, and follicles often were surrounded by a mantle of amorphous, PTAH-positive material, presumed to be fibrin ( fig. 3 , There was a diffuse increase in the numbers of Kupffer's cells, which were uniformly laden with coarse, irregular, brown-green pigment granules ( fig. 5 ). Nine of the 12 monkeys had various degrees of zonal (centrilobular) necrosis ranging in severity from confluence of central necrotic zones in one donor monkey to necrosis of individual hepatocytes surrounding central veins in two monkeys. A diffuse, mild, lipidosis was characterized by one or two large lipid droplets in most hepatocytes. There was bile stasis in one mogkey.
There were hemoglobin casts and tubular degeneration in all kidneys. Tubular degeneration varied in degree from hyalin droplet degeneration to frank necrosis. Acute tubular necrosis in two monkeys was characterized by cells with pale, vacuolated cytoplasm and pyknotic nuclei ( fig. 6 ). Most kidneys had radially distributed atrophy of tubular epithelium with cellular and granular casts in collecting tubules ( fig. 7, 8 ) . There was little evidence of regeneration. Three monkeys had an accumulation of hematopoietic cells in the vasa recta ( fig. 9 ). Five monkeys had distinctly hypercellular glomeruli. Lymph nodes throughout the body reacted with a modest hyperplasia of both lymphoid and reticuloendothelial cells.
Six of 11 male monkeys had fobal interstitial hemorrhages in the testicles, both scrota1 and inguinal.
Significant experimentally induced microscopic changes in brains, adrenals and other miscellaneous tissues were restricted to typical intravascular pigment and fibrin deposition.
Discussion
Pathological changes found in the tissues of our monkeys were similar to those noted in previous reports [6, 14, 16,221. Centrilobular hepatic necrosis and diffuse fatty change are frequent in malaria-infected monkeys [6, 14, 161 . Explanations vary. One researcher [14] has postulated that a sphincter mechanism in the hepatic venous circulation, under reflex control from higher central nervous system tenters, may cause anoxic congestion, resulting in central necrosis. Others [20] were able to eliminate this lesion in infected animals by sympathectomy or by administering transfusions at the appropriate time in unsympathectomized animals. There is another report [2] of only a slight decrease in blood flow through the livers of infected monkeys. I t has been proposed that fatty change is unrelated to the central necrosis and is controlled by a plasma factor circulating in infected animals [20] . Choline seemed to have a protective effect. Plasma transfusions from infected to normal animals resulted in fatty changes in the livers of uninfected recipients. Similarly, others [13] proposed a factor that inhibits mitochondria1 oxidative phosphorylation. Mitochondria isolated from infected animals had various degrees of metabolic inhibition.
Hemoglobinuria, renal tubular necrosis and hemoglobin casts are consistent findings in the Rhesus monkey infected with P . knowlesi [16, 17, 21, 221 . In our monkeys these conditions were terminal, ensuing during the massive erythrocyte destruction and hemoglobin release that began on day 5. As hemoglobin apparently is relatively innocuous in healthy kidneys [7] , inadequate renal perfusion may be an important contributing factor in the pathogenesis of this lesion [19] . Hypercellular glomeruli resulting from a mild proliferation of endothelial, epithelial, and possibly mesangial parts of the glomerulus is a nonspecific change associated with a variety of disease conditions. The presence of hematopoietic cells in the vasa recta, noted in our animals, also has been described in association with acute renal failure [8] and shock [ 3 ] in man.
Splenic changes associated with malarial infection have been discussed [16, 221. Changes in the spleens of our monkeys generally support these findings even though concepts of the functional capacity of certain cell types have changed in more recent times.
Several authors have presented evidence suggesting that disseminated intravascular coagulation is associated with simian malaria [ l , 5 , 7, 181, but the role of this coagulation in the pathogenesis and development of tissue changes has been more difficult to demonstrate. Although loose fibrin accumulations and mononuclear plugs were a consistent feature in our monkeys, previous work [ l ] has suggested that these changes take place immediately before death.
Intravascular agglutination of blood cells results in impeding flow, or sludging
[ l o , 111. This phenomenon has been interpreted as a general state of shock or circulatory insufficiency analogous to the circulatory stasis of localized inflammatory reactions [13] . Vascular endothelium would allow passage of abnormally large quantities of fluids, which would deplete the intravascular fluid compartment; blood flow would be sluggish and perfusion would be inadequate. Furthermore, the generalized sympathetic hyperactivity associated with malaria would result in vasoconstriction, further diminishing flow.
A recent review of malaria suggests a variety of mechanisms responsible for clinical and pathological findings [ 121. The pathogenesis of malaria is complex and requires more research. 
